Epidemiological studies have shown that adolescent smoking is associated with health risk behaviors, including high-risk sexual activity and illicit drug use. Using rat as an animal model, we evaluated the behavioral and biochemical effects of a 4-day, low-dose nicotine pretreatment (60 mg/kg; intravenous) during adolescence and adulthood. Nicotine pretreatment significantly increased initial acquisition of cocaine self-administration, quinpirole-induced locomotor activity, and penile erection in adolescent rats, aged postnatal day (P)32. These effects were long lasting, remaining evident 10 days after the last nicotine treatment, and were observed when nicotine pretreatment was administered during early adolescence (P28-31), but not late adolescence (P38-41) or adulthood (P86-89). Neurochemical analyses of c-fos mRNA expression, and of monoamine transmitter and transporter levels, showed that forebrain limbic systems are continuing to develop during early adolescence, and that this maturation is critically altered by brief nicotine exposure. Nicotine selectively increased c-fos mRNA expression in the nucleus accumbens shell and basolateral amygdala in adolescent, but not adult animals, and altered serotonin markers in these regions as well as the prefrontal cortex. Nicotine enhancement of cocaine self-administration and quinpirole-induced locomotor activity was blocked by co-administration of WAY 100 635 (N-{2-[4-(2-methoxyphenyl)-1-piperazinyl] ethyl}-N-(2-pyridinyl)cyclohexanecarboxamide), a selective serotonin 1A (5-HT1A) receptor antagonist. Early adolescent pretreatment with the mixed autoreceptor/heteroceptor 5-HT1A receptor agonist, 8-OH-DPAT, but not the autoreceptor-selective agonist, S-15535, also enhanced quinpirole-induced locomotor activation. Nicotine enhancement of quinpirole-induced penile erection was not blocked by WAY 100 635 nor mimicked by 8-OH-DPAT. These findings indicate that early adolescent nicotine exposure uniquely alters limbic function by both 5-HT1A and non-5-HT1A receptor mechanisms.
INTRODUCTION
Smoking and neuropsychiatric disease often co-occur, with the onset of both disorders emerging during adolescence (Covey et al, 2008; Gehricke et al, 2007; Weiser et al, 2004) . The adolescent brain undergoes dynamic maturation of limbic circuitry and of efferent dopamine (DA) and serotonin (5-HT) neurotransmitter systems, which are common components that underlie the rewarding aspects of smoking, as well as neuropsychiatric pathologies. It has been proposed that exposure to nicotine during this critical period may trigger long-term changes in neural signaling, and increase likelihood for illicit drug use, health risk behaviors, and mood disorders later in life (Bronisch et al, 2008; Isensee et al, 2003; John et al, 2004) . Indeed, adolescent smokers have disproportionately high rates of co-morbid high-risk sexual behavior (Biglan et al, 1990; Lam et al, 2001 ) and psychiatric disorders, including attention deficit hyperactivity disorder (ADHD), mood disorders (Gehricke et al, 2007) , and substance abuse (Kandel et al, 1992) . Longitudinal clinical studies have also suggested a 'gateway' effect of early adolescent smoking on later substance abuse (Kandel et al, 1992; Lewinsohn et al, 1999; Brook et al, 2007; Wagner and Anthony, 2002) , a finding that is more significant in patients with ADHD (Biederman et al, 2006; Wilens et al, 2008) . Despite clear clinical implications, the neurobiological mechanisms that underlie the associations between adolescent tobacco use and co-morbid psychopathologies have not been defined.
Adolescence is a critical transitional period of development that occurs between childhood and adulthood. This generally falls between 12 and 18 years in human beings, and postnatal day (P) 28-42 in rodents (Spear, 2000) .
Both human and rodent adolescents experience similar social and psychological changes, with the emergence of novelty seeking, risk taking, and peer association behaviors, that are thought to facilitate the transition to independence and autonomy (Spear, 2000) .
Animal studies have confirmed that adolescents are vulnerable to persisting behavioral and neurochemical changes following brief, low-dose exposure to nicotine (Adriani et al, 2004; Abreu-Villaç et al, 2010; McQuown et al, 2007; Abreu-Villaca et al, 2003) . We have previously shown that 4-day pretreatment during early adolescence with a low dose of nicotine (60 mg/kg, intravenous), equivalent to that found in 1-2 cigarettes per day, increases sensitivity to the initial reinforcing effects of cocaine (McQuown et al, 2007) , and enhances induction and expression of cocaine locomotor sensitization . Such nicotine-induced changes are unique to adolescents and do not occur in adults.
Nicotinic acetylcholine receptors (nAChRs) are known to modulate maturation of neural systems during critical developmental periods in which they are sensitive to environmental influences (Dwyer et al, 2009) . Early adolescence is a sensitive period in which nAChR activation may have unique effects on the actively maturing limbic system. In particular, the prefrontal cortex (PFC)-basolateral amygdala (BLA)-nucleus accumbens (NAc) triadic circuit, responsible for reward and motivated behavior, is dynamically developing during this period, as are its monoamine afferents (Ernst et al, 2006; Ernst and Fudge, 2009 ). Mesolimbic DA systems, which are integral to cocaine selfadministration and locomotor sensitization (Thomas et al, 2008) , undergo major reorganization during adolescence (Tarazi et al, 1999; Cao et al, 2007b; Benoit-Marand and O'Donnell, 2008; Brenhouse et al, 2008; Andersen et al, 2000) and exhibit unique sensitivity to nicotine (Azam et al, 2007) . Less is known about the adolescent maturation of 5-HT systems, which have a significant role in cocaine selfadministration (Rocha et al, 1997; Rodd et al, 2005; Fletcher et al, 2002) and locomotor sensitization (Tassin, 2008) . Although generally believed to develop early (Murrin et al, 2007) , 5-HT neurons have been shown to undergo synaptic changes during early adolescence (Dinopoulos et al, 1997; Dori et al, 1998) . Nicotine has also been shown to induce a striking increase in extracellular 5-HT levels in the NAc of adolescent rats (Shearman et al, 2008) , and the 5-HT1A-receptor (5-HT1A-R) is uniquely modulated by chronic nicotine exposure in adolescence (Slotkin et al, 2007) . These findings suggest that 5-HT may also contribute to the behavioral alterations induced by brief nicotine exposure in adolescence. The aim of this study was therefore to evaluate the role of DA and 5-HT afferents to the PFC-NAc-BLA triadic circuit in mediating the unique effects of adolescent nicotine exposure on subsequent responses to cocaine and other abused drugs.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Charles River) were obtained as juveniles aged P17 with dams, or as adults aged P74. Young rats, after weaning at P21, and adults were group-housed in an AALAC-accredited temperature (211C) and humidity (50%)-controlled vivarium, on a 12-h light-dark cycle with food and water available ad libitum. Only one animal per litter per experimental group was used. All experimental procedures were in compliance with the NIH guidelines and were approved by the Institutional Animal Care and Use Committee of the University of California, Irvine, CA.
Surgical Procedure
Before pretreatment, rats were surgically prepared with a chronic catheter implanted into the right external jugular vein, as described by Belluzzi et al (2005) . Animals were anesthetized with Equithesin (0.3 ml/100 g). A catheter was passed subcutaneously and implanted in the jugular vein. The cannula was flushed daily with sterile heparinized saline solution (600 U heparin per 30 ml saline) to maintain patency. All animals were given 3 days to recover before beginning experiments. After experiment, catheters were tested for patency with propofol, a rapid anesthetic. Data were discarded from animals not showing immediate anesthesia.
Drugs
Cocaine and d-methamphetamine hydrochloride were provided by the National Institute of Drug Abuse. Nicotine, MLA (1a, 4(S), 6b, 14a, 6, 14, ,5-dioxo-1-pyrrolidinyl)benzoyl]oxy]methyl] aconitane-7,8-diol citrate salt), DHbE (3b-1,6-didehydro-14,17-dihydro-3-methoxy-16(15H)-oxaerythrinan-15-one hydrobromide), S-15535 (1-(2,3-dihydro-1,4-benzodioxin-5-yl)-4-(2,3-dihydro-1h-inden-2-yl)-piperazine), and WAY 100 635 (N-{2-[4-(2-methoxyphenyl)-1-piperazinyl] ethyl}-N-(2-pyridinyl)cyclohexanecarboxamide) were purchased from Sigma (St Louis, MO), (À)-quinpirole hydrochloride ((4aR-trans)-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyr azolo[3,4-g] quinoline hydrochloride) from Tocris Biosciences, and propofol from Abbot Laboratories (Chicago, IL). S-15535 was dissolved in sterile saline, plus a few drops of lactic acid, and pH was adjusted to as close to neutrality as possible (45.0). The remaining drugs were dissolved in sterile saline and all drugs were filtered through sterile filters (Millipore Millex Sterile Filters, 0.22 pore, 3.3 mm diameter) . Nicotine concentrations (pH 7.4) are expressed as nicotine base.
4-Day Pretreatment
The same design was used as described in McQuown et al (2007 McQuown et al ( , 2009 . Two intravenous injections of nicotine (2 Â 30 mg/kg/0.1 ml), or saline, spaced 1 min apart, were administered daily for 4 consecutive days during early adolescence (P28-31), late adolescence (P37-40), or adulthood (P86-89). The daily nicotine dose used yields peak serum levels of approximately 30 ng/ml in both adolescents and adults (Cao et al, 2007a) , which is well within the range of the average smoker. Intravenous injections of S-15535 (2 Â 15 or 2 Â 150 mg/kg) and 8-OH-DPAT (2 Â 5 mg/kg) were administered during early adolescence (P28-31). In vivo studies show that administration of S-15535 intravenously at these doses significantly reduced dorsal raphe firing compared with baseline (Millan et al, 1993) . Intravenous injection at this dose of 8-OH-DPAT was found to cause minimal aversive side effects (tail flicks, hypothermia, and lip retractions) (Bagdy and To, 1997) . The selective 5-HT1A-R antagonist, WAY 100 635 (0, 40, or 400 mg/kg), was co-administered intravenously with nicotine or saline. These doses were selected because they do not modify spontaneous firing of 5-HT neurons or basal locomotor activity (Carey et al, 2001; Haddjeri et al, 2004) . The selective nAChR antagonists, DHbE (2 mg/kg) and MLA (1 mg/kg), were administered intravenously 5 min before daily nicotine pretreatment. These doses are in the range of those previously reported to be effective in blocking each specific nAChR subtype in the brain (Solinas et al, 2007; Uchida et al, 2009 ).
Intravenous Self-administration
Animals were placed into an operant chamber equipped with two nose poke holes, and were tested in a single 2 h session on a fixed ratio 1 schedule to deliver a 0.02 ml intravenous infusion dose of cocaine (0.5 mg/kg), methamphetamine (0.02 mg/kg), or ethanol (1 mg/kg). During each 1.1 s infusion, a signal light above the reinforced hole illuminated, after which the house light shut off for a 3-s (ethanol) or 20-s (cocaine and methamphetamine) time-out period. To control for nonspecific activating effects of drugs, activity on a second (inactive) hole, whose activation had no programmed consequences, was recorded. A maximum of 100 infusions was allowed.
DA-Mediated Behaviors
Locomotion was measured using five identical open field activity chambers (43.2 Â 43.2 Â 30.5 cm 3 ) connected to a common interface and computer (MED Associates, St Albans, VT). Horizontal movement was recorded by 16 photobeams per side evenly spaced along each wall of two adjacent sides. Before testing, animals were placed in the locomotor apparatus for a 30 min habituation period, after which they received an intraperitoneal injection of saline or quinpirole (0-1.6 mg/kg, intraperitoneal) and monitored for locomotion and stereotypic behaviors. Locomotor activity was recorded automatically at 5-min intervals during the subsequent 30-min test period. An observer, blind to the treatment groups, also observed each animal for 10 s of every minute and assigned a stereotypy score based on a modified scale of LaHoste and Marshall (1992) . Immediately after locomotor testing, animals were scored for erectile response, as described in Supplementary Methods.
In situ Hybridization
Animals, treated with nicotine or saline for 1 or 4 days, were decapitated 30 min after the last injection. Brains were frozen in isopentane (À201C) and stored (À701C). Cryocut coronal sections (20 mm) were mounted onto coated glass slides and processed for hybridization of c-fos mRNA as described in Winzer-Serhan et al (1999) and detailed in Supplementary Methods.
Ligand Binding Autoradiography
Nicotine-and saline-pretreated early adolescent (P32) and adult (P90) animals were decapitated 24 h after the last pretreatment. Brains were frozen in isopentane and stored (À701C) until cryostat sectioning. Tissue was processed for transporter binding using methods similar to Pradhan et al (2002) . Sections for DAT binding were incubated for 2 h with 10 pM [ 125 I]RTI-55 (Perkin-Elmer NEN, Waltham, MA) in buffer containing 10 mM Na phosphate, 0.1 M sucrose, with 50 nM citalopram HBr, and 5 nM desipramine to block binding to SERT and NET, respectively. Nonspecific binding was determined in adjacent tissue sections by the addition of GBR 12 909 (10 mM). SERT binding conditions were identical to DAT, except that 50 nM citalopram was replaced with 1 mM GBR 12 935 to block binding to DAT, and nonspecific binding was defined by 50 nM citalopram. Sections were rinsed in ice-cold phosphate buffer. After a brief dip in ice-cold water, slides were dried and apposed to Kodak Biomax MR film with autoradiographic standards for 48 (SERT) or 72 h (DAT) in light-proof X-ray cassettes. Film was developed and rapidly fixed. Sections were postfixed with 4% paraformaldehyde and then processed for Nissl staining using cresyl violet for anatomical analysis.
Autoradiography Analysis
Images were analyzed with a computer-based image analysis system (MCID, Imaging Research, St Catherine, Ontario, Canada) using calibrated [ 14 C] brain paste standards of reference. A calibration curve of optical density against radioligand concentration (d.p.m./mg tissue) was constructed (WinzerSerhan and Leslie, 1997). Analysis was performed by delineating standard geometric shapes around the appropriate anatomical regions. Brain areas for analysis were identified with welldefined anatomical landmarks and with reference to adjacent brain section processed for Nissl-stained sections (Paxinos and Watson, 2007) . Optical densities were measured in 2-3 sections in both hemispheres and values of radioactivity were calculated by interpolation from the calibration curve and averaged to give the value for a single region. Specific hybridization was calculated by subtracting values of radioactivity in sections hybridized with sense probe from those hybridized with antisense. Specific radioligand binding was calculated by subtracting values of radioactivity in sections incubates with excess competing ligand from those that were not.
Tissue Catecholamine Levels
Nicotine-and saline-pretreated early adolescent (P32) and adult (P90) animals were euthanized by decapitation 24 h after the last pretreatment. Brains were rapidly removed and dissected on an ice-chilled brain matrix (Plastics One, Roanoke, VA). From 2 mm sections, bilateral 1 mm diameter punches were taken from PFC, dorsal striatum (DS), NAc, and amygdala and expelled into 300 ml of icecold 0.1 M perchloric acid, and then homogenized. Samples were centrifuged at 10 000 g for 10 min. The supernatants were used for the measurement of DA, 5-HT, and metabolites using HPLC-ED as described in Cao et al (2007b) and Supplementary Methods, and pellets were used to measure protein content (Bio-Rad, Hercules, CA).
Statistics
All data are expressed as mean±SEM. Self-administration data were analyzed for total reinforced and non-reinforced day 1 responses by two-way ANOVA for age Â pretreatment with repeated measures. Reinforced and non-reinforced comparisons were made by paired t-tests. The 30 min session of locomotor activity were divided into six blocks of 5 min and analyzed using a four-way ANOVA for age Â pretreatment Â drug Â time, with repeated measures on time. Antagonist studies were analyzed by three-way ANOVA for antagonist Â pretreatment Â drug. In situ hybridization data were analyzed by three-way ANOVA for age Â pretreatment Â duration. Radioligand binding and tissue punch data were analyzed by three-way ANOVA for age Â pretreatment Â brain area. Following a finding of overall significance, individual brain regions were examined using a two-way ANOVA on age Â pretreatment. All significant main or interaction effects were further analyzed by one-way ANOVA with Bonferroniadjusted post hoc comparisons.
RESULTS
Nicotine Pretreatment Enhances Adolescent Acquisition of Cocaine Self-administration
Nicotine pretreatment produced age-dependent changes in reinforced responding for cocaine, as shown by the interaction of reinforcement Â age Â pretreatment (F(1, 34) ¼ 4.47, p ¼ 0.04) (Figure 1a and b) . Nicotine pretreatment at P28-31 significantly increased reinforced responding for cocaine (F(1, 17) ¼ 18.13, p ¼ 0.001) at P32 (Figure 1a) , and resulted in immediate acquisition of drug self-administration as defined by a significant preference for the cocainereinforced over the non-reinforced hole (p ¼ 0.007). Nicotine pretreatment in adult rats, aged P86-89, or in older adolescents, aged P37-40, did not significantly affect cocaine intake the following day (Figure 1b and c) . In animals pretreated with nicotine on P28-31, cocaine-reinforced responding remained significantly enhanced on P41 (F(1, 8) ¼ 6.80, p ¼ 0.03), with a significant preference for the reinforced over the non-reinforced hole (p ¼ 0.02; Figure 1d ). These data indicate that early adolescence is a critical period for nicotine modulation of reward circuitry, and that the effects are evident for at least 10 days. Similar enhancement of initial acquisition of methamphetamine and ethanol self-administration was observed following early adolescent nicotine pretreatment (Supplementary Figure S1) .
Selective antagonists for a 7 and a 4 b 2 *nAChR subtypes, MLA (1 mg/kg) and DHbE (2 mg/kg), respectively, administered before daily nicotine pretreatment, blocked nicotine enhancement of cocaine responding with no effect on the behavior of saline-pretreated controls (Figure 2 ). These data suggest that activation of both major nAChR subtypes is involved in nicotine-induced alterations in adolescents. Figure 3 shows the behavioral response to the D2-like DA agonist, quinpirole, in rats aged P32 following a 4-day Figure 1 Effect of nicotine pretreatment on cocaine self-administration is specific to early adolescence and persists 10 days. Adolescent postnatal day ((P)32, a) and adult (P90, b) animals were given intravenously nicotine or saline daily for 4 days before cocaine (0.5 mg/kg/inf) self-administration tests. The figure shows the mean ( ± standard error of the mean)-reinforced (dark) and -non-reinforced (light) responses in a 2 h session on day 1. Nicotine-treated P32 rats self-injected significantly more drug than saline-pretreated adolescents or adult animals. They also had greater number of responses at the reinforced compared with non-reinforced hole. Nicotine enhancement of drug intake was not seen when pretreated later in adolescence (P41, c). However, if pretreated in early adolescence, the enhanced self-administration response was still evident when tested 10 days later (P41, d). **p ¼ 0.001, *p ¼ 0.04 vs P32 saline; + + po0.01, + po0.03 reinf vs non-reinf. n ¼ 9-10 per P32 and 90 groups. n ¼ 5-6 per P41 groups.
Nicotine Enhances Quinpirole-Induced Locomotion in Adolescent Rats
nicotine pretreatment. Overall, quinpirole significantly increased locomotor activity (F(3, 78) ¼ 69.67, po0.0001), with a significant pretreatment Â quinpirole interaction (F(3, 70) ¼ 6.76, po0.0001). Nicotine-pretreated adolescents showed increased sensitivity to the locomotor-activating effects of a mid-range dose of quinpirole (0.4 mg/kg, intraperitoneal), but not at lower and higher doses (Figure 3a) . Although there was a significant effect of quinpirole on stereotypic behavior (F(3, 98) ¼ 128.77, po0.0001)), there was no significant effect of nicotine pretreatment (Figure 3b ). Nicotine pretreatment effects on quinpirole-induced locomotion were age-specific (Figure 4a-d) . As has been reported previously (Frantz et al, 1999) , quinpirole-induced locomotion in saline-pretreated controls decreased with age (F(1, 67) ¼ 6.29, p ¼ 0.015). Animals pretreated with nicotine during early adolescence (P28-31) exhibited enhanced quinpirole-induced locomotion at P32 (F(1, 45) ¼ 44.03, po0.0001; Figure 4a ) and at P41 (F(1, 22) ¼ 11.15, p ¼ 0.003; Figure 4b ), whereas pretreatment during later adolescence (P37-40) and adulthood (P86-89) had no effect (Figure 4c and d) . Thus, nicotine enhancement of quinpirole-induced locomotion is specific to exposure during the early adolescent period (P28-31) and these effects persist at least 10 days.
Acute and Subchronic Nicotine Treatment Induces Age-dependent Neural Activation
To identify mechanisms underlying adolescent nicotine pretreatment effects, we examined regional mRNA expression of the immediate-early gene, c-fos, after either acute or subchronic (4-day) nicotine treatment in adolescent and adult rats ( Figure 5 ). Acute nicotine caused a significant, age-dependent increase in c-fos mRNA levels in the BLA and NAc shell (age Â nicotine interaction, BLA, F(1, 21) ¼ 9.79, p ¼ 0.005; NAc shell, F(1, 21) ¼ 8.61, p ¼ 0.008). In these limbic regions, adolescent animals showed a nicotineinduced neural response that was not observed in adults. Although age differences were seen in basal c-fos expression in PFC (F(1, 21) ¼ 8.14, po0.001), DS (data not shown; F(1, 21) ¼ 4.41, p ¼ 0.048), and NAc core (data not shown; F(1, 21) ¼ 53.09, po0.001), there was no significant effect of acute nicotine treatment in these regions.
Nicotine-induced c-fos expression was still evident in adolescent BLA (F(1, 29) ¼ 29.44, po0.001) and NAc shell (F(1, 25) ¼ 10.59, p ¼ 0.003) on the fourth treatment day. However, age differences were only seen in the NAc shell (age Â nicotine interaction; F(1, 25) ¼ 4.65, p ¼ 0.04), with nicotine-induced neuronal activation observed only in adolescent animals. Following subchronic nicotine treatment, increased c-fos mRNA expression was seen in the BLA of both adolescents and adults. Although significant age differences in basal c-fos expression were seen in the PFC and NAc core repeated treatment groups (PFC, F(1, 24) ¼ 11.02, p ¼ 0.003; NAc core (data not shown) (1, 30) ¼ 4.20, p ¼ 0.049), there was no significant effect of subchronic nicotine. aconitane-7,8-diol citrate salt) (1 mg/kg), or vehicle before daily nicotine pretreatment. Nicotine pretreatment enhanced responding for cocaine compared with saline-treated rats, **po0.005. Pretreatment with either DHbE or MLA blocked the nicotine-enhanced self-administration behavior, ## po0.003, but had no effect on saline treatment. n ¼ 8-10 per group. Figure 3 Effect of age and nicotine pretreatment on quinpirole-induced behavioral responses. Quinpirole (0.4 and 1.6 mg/kg, intraperitoneal) significantly increased locomotor activity (a) and stereotypy (b) in adolescent rats (**po0.0001). Quinpirole (0.1 mg/kg, intraperitoneal) had no effect on locomotion or stereotypy compared with vehicle controls. Nicotine-pretreated adolescents showed increased locomotion following quinpirole (0.4 mg/kg) injection (a) compared with saline-pretreated controls ( + + po0.0001 vs saline pretreated). n ¼ 6-13 per group.
Adolescent Nicotine Pretreatment Alters Monoamines in Mesolimbic Reward Circuitry
The effects of subchronic nicotine treatment on presynaptic DA and 5-HT markers were assessed in the PFC, NAc, DS, and BLA ( Age differences were seen for DA markers, with adolescents exhibiting significantly lower DAT density in BLA and lower DA content in PFC and DS compared with adult controls. Although nicotine pretreatment did increase NAc DA levels, this effect was not age specific. A more detailed description of DA results can be found in the Supplementary Materials.
Involvement of 5-HT1A Receptors in Nicotine-Enhanced Behaviors
To determine whether 5-HT1A-Rs mediate nicotine pretreatment effects in adolescents, WAY 100 635 (40 and 400 mg/kg), was co-administered during nicotine pretreatment. Animals were subsequently tested for acquisition of cocaine self-administration (Figure 7a ) or locomotor activity and erectile response after quinpirole challenge (0.4 mg/kg intraperitoneal; Figure 7b and c).
5-HT1A-R antagonist pretreatment significantly decreased cocaine-reinforced responding (F(2, 63) ¼ 4.22, p ¼ 0.02) and yielded a significant interaction with pretreatment (F(2, 63) ¼ 6.90, p ¼ 0.002). Although nicotine pretreatment enhanced cocaine responding (p ¼ 0.002), WAY 100 635 pretreatment blocked this nicotine effect, but did not alter behavior of saline-pretreated controls (Figure 7a) . A similar effect of 5-HT1A-R blockade was found for nicotine enhancement of adolescent methamphetamine Figure 4 Effect of nicotine pretreatment on quinpirole-induced locomotion is specific to early adolescence and persists 10 days. Adolescent postnatal day ((P)32) and adult (P90) animals were given intravenously nicotine or saline daily for 4 days before drug injection. Time course of ambulatory counts during 30 min after drug injection. Nicotine-treated P32 rats showed a significant enhancement of locomotor activity after quinpirole administration compared with saline-treated controls (P28-P31 Test: P32, a). Nicotine enhancement of quinpirole-induced locomotion was not seen when animals were pretreated during adulthood (P86-89 Test: P90, b) or late adolescence (P37-40 Test: P41, c). However, if pretreated in early adolescence, the enhanced quinpirole-induced locomotion was still evident when tested 10 days later (P28-31 Test: P41, d).
+ + + po0.0001, + + po0.002, + p ¼ 0.01 vs Sal/Quin (0.4). n ¼ 6-14 per P32 and 90 groups. n ¼ 7-8 per P41 groups. Figure S4) . These findings indicate that nicotine pretreatment enhances initial psychostimulant reward by 5-HT1A-R stimulation.
self-administration (Supplementary
WAY 100 635 also significantly blocked nicotine enhancement of adolescent quinpirole-induced locomotion (F(11, 72) ¼ 11.01, Po0.0001), with a significant interaction of pretreatment (F(5, 72) ¼ 3.12, p ¼ 0.014). Although nicotine pretreatment enhanced quinpirole-induced locomotion (p ¼ 0.002), co-administration of WAY 100 635 blocked this nicotine effect (40 mg/kg dose, po0.0001; 400 mg/kg dose, p ¼ 0.001). 5-HT1A-R antagonist pretreatment did not alter the behavior of saline-pretreated controls.
Quinpirole significantly increased penile erection exclusively in adolescents (Supplementary Figure S5) . In examining erectile response, there was a significant interaction of pretreatment and drug (F(5, 72) ¼ 3.39, p ¼ 0.024) (Figure 7c ). Adolescent nicotine exposure significantly altered quinpirole-induced erectile response (F(3, 62) ¼ 3.38; p ¼ 0.025). Adolescents pretreated with nicotine showed a significant enhancement of quinpirole-induced penile erection (p ¼ 0.004), which was not blocked by WAY 100 635 (40 mg/kg). These findings suggest that two different mechanisms underlie nicotine enhancement of adolescent DA-mediated behaviors: a 5-HT1A-R-mediated pathway for cocaine self-administration and quinpirole locomotion, and a distinct pathway mediating the potentiation of erectile response.
Pretreatment with specific 5-HT1A agonists further elucidated the contribution of 5-HT1A-Rs to nicotineinduced enhancement of quinpirole-induced locomotor activity (Figure 8 ). There was an overall interaction of pretreatment Â quinpirole Â age ((F(1, 59) ¼ 9.407, p ¼ 0.003)). Pretreatment with 8-OH-DPAT (10 mg/kg, intravenous), an agonist that activates both pre-and post-synaptic 5-HT1A-Rs (Larsson et al, 1990) , enhanced quinpiroleinduced locomotion in adolescents (F(1, 20) ¼ 14.57, Figure 5 Age differences in c-fos mRNA activation by acute or subchronic nicotine treatment. Age differences were observed in the prefrontal cortex (a), **pp0.02, but there was no effect of nicotine treatment. Solid line brackets denote age effects and dashed brackets represent pretreatment effects. Acute and subchronic nicotine-induced c-fos activation in the basolateral amygdala (BLA) and nucleus accumbens shell (NAc) shell of adolescent rats (b and c), + + po0.01, whereas adults only show nicotine-induced activation of BLA after subchronic treatment (c), + po0.05. Schematic representation of brain regions and autoradiographic analysis of regional c-fos mRNA levels (d). The gray regions were analyzed for c-fos. n ¼ 4-11 per group. Adolescent and adult animals received a 4-day pretreatment of nicotine or saline. At 24 h after the last infusions, brains were collected and sectioned for radioligand binding with 125 IRTI-55 or tissue punches were collected for the analysis of catecholamine content. Adolescent animals had lower DAT density of the BLA as compared with adults, *po0.05. Overall age differences were also seen with DA content in the PFC/(*p ¼ 0.01). Overall nicotine pretreatment significantly increased DA in the NAc ( w p ¼ 0.01). Transporter binding, n ¼ 7-10 per group; tissue punches, n ¼ 6-7 per group. Figure 6 Effect of 4-day nicotine pretreatment on regional serotonin transporter (SERT) binding and serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) content. Adolescent and adult animals received a 4-day pretreatment of nicotine (0.06 mg/kg, intravenous) or saline, and brains were removed 24 h after the last infusion, and sectioned for radioligand binding with [ 125 I]RTI-55 or tissue punches were collected for analysis of monoamine content. Solid line brackets denote age effects and dashed brackets represent pretreatment effects. Age differences in SERT were observed in all regions, *po0.03, **po0.01 vs postnatal day (P)90Sal. Adolescent nicotine pretreatment increased SERT density in the prefrontal cortex (PFC) and basolateral amygdala (BLA), + po0.01 vs P32Sal. For 5-HT content, PFC, BLA, and nucleus accumbens (NAc) showed a significant overall age effect (*p ¼ 0.05 overall, **po0.01 vs P90Sal). Adolescent nicotine pretreatment enhanced 5-HT and 5-HIAA levels in the NAc; + pp0.05. Transporter binding, n ¼ 7-10 per group; tissue punches, n ¼ 6-7 per group. + + p ¼ 0.001 vs saline. ### po0.0001, ## pp0.001 vs nicotine. Administration of WAY had no effect on nicotine enhancement of penile erection in response to quinpirole (c). ***po0.0001, *po0.5 vehicle; + + po0.001vs saline/quin (0.4); + po0.05 vs saline + WAY (400). Cocaine: n ¼ 8-12 per group and quinpirole: n ¼ 4-8 per group. p ¼ 0.001). As it is unclear if the effective doses of WAY 100 635 and 8-OH-DPAT used in this study preferentially target autoreceptors or if they target both autoreceptor and heteroceptors, studies were undertaken using the selective 5-HT1A-R ligand, S-15535, which is an agonist at autoreceptors and an antagonist at heteroceptors (Millan et al, 1994; Newman-Tancredi et al, 1999) . Pretreatment with the selective 5-HT1A autoreceptor agonist, S-15535 (30 or 300 mg/kg intravenous), had no effect on quinprole-induced locomotion (F(2, 49) ¼ 0.633, p ¼ 0.535) or stereotypy (F(2, 49) ¼ 0.069, p ¼ 0.933). Furthermore, 8-OH-DPAT pretreatment did not enhance quinpirole-induced stereotypy or penile erection (Figure 8b and c) . These data suggest the involvement of 5-HT1A-R heteroceptors in adolescent nicotine enhancement of quinpirole-induced locomotion, and the involvement of a non-5-HT1A receptor-mediated mechanism for the enhancement of erectile response.
DISCUSSION
We have shown that brief treatment with a low dose of nicotine induces unique functional changes in adolescent drug response, with increased initial self-administration of cocaine, methamphetamine, and alcohol, and enhanced locomotor and erectile response to the D2-like agonist, quinpirole. These functional changes are long lasting, being evident 10 days after the last nicotine treatment, and are highly age dependent. Increased responding was observed when nicotine pretreatment occurred during early adolescence (P28-31), but not during late adolescence (P38-41) or adulthood (P86-89).
Using c-fos mRNA expression to identify recently activated neural circuits, we found unique activating effects of nicotine on adolescent NAc shell and BLA. Furthermore, although neurochemical analyses showed that both dopaminergic and serotonergic inputs to mesocorticolimbic regions change dynamically during this developmental period, adolescent nicotine pretreatment had more striking effects on normative 5-HT function, with increases in SERT density in PFC and BLA, and in 5-HT levels in BLA and NAc. Pharmacological studies confirmed an involvement of 5-HT systems in mediating the effects of adolescent nicotine pretreatment on drug reinforcement and locomotor activity. Nicotine enhancement of cocaine and methamphetamine self-administration, and of quinpirole-induced locomotor activity, was blocked by co-administration of WAY 100 635, a selective 5-HT1A receptor antagonist. Furthermore, adolescent pretreatment with the 5-HT1A receptor agonist, 8-OH-DPAT, but not the autoreceptor selective agonist, S-15535, enhanced quinpirole-induced locomotor activation, but not stereotypy or penile erection. These findings indicate that early adolescent nicotine exposure uniquely alters limbic function by both 5-HT1A and non-5-HT1A mechanisms. Although 5-HT1A heteroceptor activation appears to underlie nicotine enhancement of drug reinforcement and locomotion, another, as yet unknown, mechanism underlies the enhancement of quinpirole-induced erectile response.
Adolescent Maturation of the Mesocorticolimbic System
An extensive literature suggests that acetylcholine activation of nAChRs regulates the maturation of neuronal circuitry during sensitive developmental periods (Dwyer et al, 2009 ). This finding of early adolescence as a critical period of vulnerability to the effects of nicotine is consistent with other recent animal studies that have shown unique effects of nicotine at this age (Azam et al, 2007; Adriani et al, 2003; Belluzzi et al, 2004; Park et al, 2007; Kota et al, 2007) . Furthermore, the actively maturing PFC-NAc-BLA triadic circuit appears to be highly sensitive to the effects of early adolescent nicotine exposure. Our data confirm and extend a previous finding that adolescents have greater nicotineinduced activation in the NAc shell (Shram et al, 2007) . Although acute nicotine does not induce c-fos in BLA of adult animals (Cao et al, 2007a; Valjent et al, 2002; MathieuKia et al, 1998) , we now show an adolescent-specific nicotine-induced activation of the BLA.
In agreement with previous findings of late maturation of DA systems (Cao et al, 2007b; Chambers et al, 2003; Chen et al, 1997) , we found lower DAT levels in the BLA and lower DA levels in the PFC and DS of adolescents as compared with adults. Although nicotine pretreatment did increase DA levels in the NAc, this effect was not age dependent and therefore did not underlie the observed adolescent-specific functional changes. As has been shown previously (Frantz et al, 1999) , we found that locomotor activity induced by the D2-like agonist, quinpirole, declined with age. We now also show a similar age-related decline in quinpirole-induced erectile response. Such findings are consistent with major developmental alterations of D2-like receptor function during adolescence (Chen et al, 2010) . Nicotine pretreatment during the early adolescent period produced an extended enhancement of these functional responses to quinpirole, suggesting an alteration of D2-like receptor signaling.
Whereas others have reported an early maturation of 5-HT content and SERT density (Chambers et al, 2003; Chen et al, 1997; Moll et al, 2000) , we found adolescents to have lower 5-HT content in PFC, NAc, and BLA, and lower SERT levels in all regions examined. Such findings are consistent, however, with transient declines in 5-HT synapses that have been noted in other brain regions during postnatal development (Dinopoulos et al, 1997; Dori et al, 1998) . Our present finding that nicotine induces agespecific changes in 5-HT markers within the adolescent limbic system is consistent with the findings of a recent in vivo microdialysis study in which acute nicotine was reported to enhance monoamine release in this region in adolescents but not adults (Shearman et al, 2008) . These data support the concept that normative function of 5-HT within the PFC-NAc-BLA circuit is altered by early adolescent nicotine exposure.
Receptor Mechanisms Underlying Adolescent Nicotine Effects
Using a pharmacological approach, we have identified a critical role for 5-HT1A receptors in nicotine regulation of adolescent limbic pathways. Chronic nicotine exposure during adolescence has been previously reported to increase 5-HT1A-R binding (Slotkin et al, 2007) . These receptors are located in limbic regions, such as NAc and BLA (Pazos and Palacios, 1985) , in which adolescent nicotine pretreatment induced changes in 5-HT markers. As the 5-HT1A-R antagonist WAY 100 635 has significant affinities for other receptors (Fletcher et al, 1995) , we also determined whether selective agonists could mimic the effects of adolescent nicotine pretreatment. Enhancement of quinpirole-induced locomotion resulted from pretreatment with 8-OH-DPAT, a mixed autoreceptor/heteroceptor agonist (Larsson et al, 1990) , but not S-15535, an autoreceptor-specific agonist (Millan et al, 1993) . Such findings suggest that early adolescent nicotine enhancement of initial drug selfadministration and quinpirole-induced locomotion is mediated by 5-HT release and activation of 5-HT 1A -R heteroceptors. In contrast, WAY 100 635 and 8-OH-DPAT pretreatment did not influence erectile response, confirming a different mechanism for this nicotine effect.
Although nicotine may induce biological effects by either activation or desensitization of nAChRs (Tapper et al, 2004; Pidoplichko et al, 1997) , our nAChR antagonist data suggest that activation of each of the two major nAChR classes, a 7 and a 4 b 2 *, underlies nicotine enhancement of drug-reinforced behavior in adolescents. Both a 7 and a 4 b 2 * nAChRs are located on DA and 5-HT cell bodies in the ventral tegmental area and dorsal raphe, respectively, and their stimulation can enhance the release of monoamines in terminal fields such as PFC, NAc, and BLA (Azam et al, 2007; Mihailescu et al, 1998; Galindo-Charles et al, 2008; Wonnacott et al, 2005) . It is not clear from this study whether the effect of nicotine on adolescent limbic function that we have observed results from a transient appearance of these nAChRs or from an increase in drug sensitivity. Further studies with higher doses of nicotine will be needed to address this issue.
Clinical Implications
There are high rates of co-morbidity of smoking and other substance abuse disorders, including psychostimulant addiction (Weinberger and Sofuoglu, 2009 ) and alcoholism (Grucza and Bierut, 2006) . Although such co-dependence may reflect genetic or social factors, several clinical studies have suggested that adolescent smoking may increase the subsequent use of other addictive substances (Grucza and Bierut, 2006; Torabi et al, 1993; Lai et al, 2000; Biederman, 2005; Palmer et al, 2009) . Our findings provide evidence that nicotine administration during adolescence causes long-lasting behavioral and neurochemical adaptations, and elucidate novel pathways altered by nicotine that may increase vulnerability to high-risk behaviors. Although future studies must be performed to identify the specific roles of each neural area, we have shown that early adolescence is a sensitive period for the proper formation of the PFC-BLA-NAc circuit, and that environmental influences may produce extended changes in its function, with important consequences for mental health-related behaviors. In particular, adolescents are exposed to drugsF both clinical and recreationalFthat may interfere with limbic circuitry development, according to our model. Activation of nAChRs by early adolescent smoking may induce changes in DA receptor signaling and initial drug reinforcement, primarily by activation of 5-HT1A-Rs. However, pathways underlying sexual behavior may be enhanced by nicotine by other neurochemical mechanisms. Our findings also suggest that early adolescent treatment with SERT inhibitor antidepressant therapies may result in the activation of 5-HT1A-Rs (El Mansari and Blier, 2005; Savitz et al, 2009) , with subsequent alterations in limbic function. Such changes may be associated with the clinical observation that these antidepressant therapies are less effective in adolescents than in adults (Hammad et al, 2006; Olfson et al, 2006; Bridge et al, 2007) .
